Innocuous touch of the skin is detected by distinct populations of neurons, the low-threshold mechanoreceptors (LTMRs), which are classified as Ab-, Ad-, and C-LTMRs. Here, we report genetic labeling of LTMR subtypes and visualization of their relative patterns of axonal endings in hairy skin and the spinal cord. We found that each of the three major hair follicle types of trunk hairy skin (guard, awl/auchene, and zigzag hairs) is innervated by a unique and invariant combination of LTMRs; thus, each hair follicle type is a functionally distinct mechanosensory end organ. Moreover, the central projections of Ab-, Ad-, and C-LTMRs that innervate the same or adjacent hair follicles form narrow LTMR columns in the dorsal horn. These findings support a model of mechanosensation in which the activities of Ab-, Ad-, and C-LTMRs are integrated within dorsal horn LTMR columns and processed into outputs that underlie the perception of myriad touch sensations.
INTRODUCTION
The first step leading to the perception of touch is activation of low-threshold mechanoreceptors (LTMRs) by mechanical stimuli that include indentation, vibration, or stretch of the skin, and movement or deflection of hair follicles. LTMRs are a diverse group of somatosensory neurons whose cell bodies reside within dorsal root ganglia (DRG) and cranial sensory ganglia. These pseudo-unipolar sensory neurons have one axonal branch that extends to the periphery and associates with a cutaneous mechanosensory end organ, and another branch that penetrates the spinal cord and forms synapses upon second order neurons in the dorsal horn (Rice and Albrecht, 2008) . Some LTMRs also have a branch that ascends via the dorsal column to innervate second order neurons of the brainstem dorsal column nuclei (Giuffrida and Rustioni, 1992) .
LTMRs are classified as Ab, Ad, or C based on their action potential conduction velocities (Horch et al., 1977) . C-LTMRs are unmyelinated and thus have the slowest conduction velocities, whereas Ad-LTMRs and Ab-LTMRs are lightly and heavily myelinated, exhibiting intermediate and rapid conduction velocities, respectively. LTMRs are also classified as slowly, intermediately, or rapidly adapting (SA, IA, and RA-LTMRs) according to their rates of adaptation to sustained mechanical stimuli (Burgess et al., 1968; Johnson and Hsiao, 1992) . They are further distinguished by the cutaneous end organs they innervate and their preferred stimuli (Iggo and Andres, 1982 ). Yet, despite more than 100 years of study, the molecular properties and unique functions of the different populations of LTMRs, the relative patterns of their peripheral and central connections, and thus the logic of LTMR circuit organization underlying the perception of touch remain unclear.
Visualization of LTMR circuits has been hampered by a lack of markers for individual LTMR subtypes, the high degree of complexity of the myriad axonal endings in the skin, and the long distance between LTMR endings in the skin and their connections in the spinal cord and brainstem. Here, we have undertaken a candidate gene approach in combination with an open-ended screen to identify genes that are uniquely expressed in each of the physiologically defined populations of LTMRs. This has allowed us to genetically label Ab-, Ad-, and C-LTMR populations, both individually and in combination, enabling visualization of the relative patterns of organization of LTMR axonal endings in the skin and spinal cord. We focused our analysis on mouse hairy skin because it covers most of the body and receives rich innervation by several physiologically defined LTMR populations (Koltzenburg et al., 1997) . Our findings reveal an exquisite organization of overlapping Ab-, Ad-, and C-LTMR endings in hairy skin and a principal locus of Ab-, Ad-, and C-LTMR integration and processing in the spinal cord dorsal horn.
RESULTS

Genetic Labeling of C-LTMRs and Visualization of Their Cutaneous Axonal Endings
To gain an appreciation of the logic of LTMR circuit organization, we sought to identify unique molecular signatures of physiologically distinct LTMR classes and to exploit these features to design molecular-genetic strategies that enable visualization of their respective axonal endings in the skin and spinal cord. We first characterized the C-LTMRs, a large population of neurons implicated in the pleasurable, affective component of touch and injury-induced mechanical hypersensitivity (Olausson et al., 2010; Seal et al., 2009 ). Although they were identified over 70 years ago (Zotterman, 1939) , the molecular properties, peripheral targets, and unique functions of C-LTMRs are unknown. We found that expression of tyrosine hydroxylase (TH), which catalyzes the production of L-DOPA from tyrosine in the catecholamine biosynthesis pathway, is a defining feature of C-LTMRs in adult DRGs. TH is expressed in a large population of small-diameter DRG neurons ( Figures 1A-1D and Figure S1A available online) (Brumovsky et al., 2006) . These TH + DRG neurons do not express NFH, a marker for sensory neurons with myelinated axons (Rice and Albrecht, 2008) (Figure 1A ), nor do they express CGRP, TrkA, or TrpV1, which are markers for peptidergic nociceptors (Molliver et al., 1997) (Figures 1B, S2A, and S2B) . Rather, nearly all TH + neurons express the nonpeptidergic nociceptor markers cRet and Gfra2 (Molliver et al., 1997) (Figures 1C and S2I-S2K) . However, surprisingly, the TH + neurons do not bind the lectin IB4 ( Figure 1D ), nor do they express MrgprA1, MrgprA3, MrgprA4, MrgprB4, MrgprC11, , all of which are expressed in nonpeptidergic nociceptors (Dong et al., 2001; Molliver et al., 1997) . Thus, the TH + DRG neurons are a molecularly unique population of nonpeptidergic, small-diameter sensory neurons. We next characterized the physiological properties of these neurons and their sensitivity to cutaneous stimulation using an ex vivo 
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LSLtdTomato mice, which enables double labeling of different LTMR endings (n = 24). Wholemount immunostaining of the dsRed signal of hairy skin showed that 80% of C-LTMR lanceolate endings are associated with zigzag hair follicles and 20% with awl/auchene hair follicles, whereas none were observed to associate with guard hair follicles (n = 212 hair follicles examined). Scale bars, 50 mm (A-D, G, H); 100 mm (I, J); 20 mm (F, K, L). See also Figures S1, S2, S3, and Table S1 .
skin-nerve preparation (Woodbury et al., 2001; McIlwrath et al., 2007) . Intracellular recordings were performed on 21 cutaneous C-fiber neurons from wild-type animals, followed by immunohistochemical analysis. Five of the cutaneous C-fiber neurons showed classically defined features of C-LTMRs (Bessou et al., 1971; Douglas et al., 1960; Iggo, 1960; Seal et al., 2009) : slow conduction velocities (CV = 0.58 ± 0.02 m/s), trains of spikes in response to application of light mechanical force (1-5 mN); intermediate adaptation to stationary stimuli; robust responses to rapid cooling but not warming of the skin ( Figure 1E ). All of the identified C-LTMRs stained positively for TH, as well as GFRa2, but they did not bind to IB4 ( Figure 1F ). The remaining cutaneous C-fiber neurons, which did not exhibit C-LTMR properties, lacked TH immunoreactivity (data not shown). Moreover, >80% of TH + neurons express vGluT3 mRNA, which is expressed in C-LTMRs (Seal et al., 2009 ) ( Figure S2L ). Thus, we conclude that adult mouse TH + DRG neurons are C-LTMRs.
To visualize the axonal endings of C-LTMRs, we generated TH CreER ; Rosa26 IAP and TH CreER ; Rosa26 LSL-tdTomato mice (Badea et al., 2009; Madisen et al., 2010; Rotolo et al., 2008) . These animals were treated with 4-hydroxytamoxifen (4-HT) daily for 3 days beginning at P13 to activate Cre-mediated recombination and expression of the placental alkaline phosphatase (AP) or tdTomato reporter genes in a small number of TH + C-LTMRs ( Figures 1G and 1H ). These genetic labeling strategies allowed for visualization of C-LTMR peripheral endings in the skin. Surprisingly, the axonal branches of individual C-LTMRs were found to arborize and form longitudinal lanceolate endings that are intimately associated with 18.0 ± 1.7 (330 neurons from three animals) hair follicles of back hairy skin ( Figures 1I-1L ). We next assessed the type of hair follicles receiving C-LTMR endings. There are three major types of hair follicles on back hairy skin of mice (Driskell et al., 2009) . Guard or tylotrich hairs are the longest and least abundant of the hair follicle types, constituting $1% of hairs on the skin of the trunk and proximal limbs ( Figure S1B , left). Guard hairs have two rows of medulla cells and are typically associated with a pair of sebaceous glands. Awl/auchene hairs are shorter than guard hairs, contain three or four rows of medulla cells, and together constitute $23% of trunk hair follicles ( Figure S1B , middle). The third type, zigzags are the finest, most abundant type of hair follicle, comprising $76% of trunk hairs. Zigzag hairs have a single row of medulla cells and two or more kinks in the shaft (Figure S1B, right) . Interestingly, the longitudinal lanceolate endings of C-LTMRs were observed in association with zigzag (80% of C-LTMR endings) and awl/auchene (20% of endings) hair follicles, but not guard hair follicles (0% of endings) (n = 212 hair follicles examined; Figure 4E ). The area of hairy skin innervated by a single C-LTMR, which defines its cutaneous receptive field, is 0.2-0.4 mm 2 ( Figures 1I and 1J ). Longitudinal lanceolate endings have been long thought to belong exclusively to Ab RALTMRs (Takahashi-Iwanaga, 2000) , and therefore it was unexpected that the endings of C-LTMRs, which are IA-LTMRs and unmyelinated with slow conduction velocities, would form longitudinal lanceolate endings associated with hair follicles ( Figures  1K and 1L ). This observation indicates that the peripheral end organ is not the sole determinant of LTMR response or adaptation properties. Moreover, consistent with prior physiological recordings in cats, primates, and humans (Bessou et al., 1971; Kumazawa and Perl, 1977; Vallbo et al., 1999) , the peripheral endings of murine C-LTMRs were observed exclusively in hairy skin; C-LTMR projections were absent from glabrous skin of the paws (>25 animals were examined; data not shown). Consistent with this, relatively few C-LTMR neurons were found in DRGs that innervate distal limbs as compared to DRGs that innervate trunk and proximal limb hairy skin ( Figure S3 ). Interestingly, cell counts revealed that C-LTMRs are a very large population of neurons. They constitute >15% of DRG neurons at nonlimb levels and include $30% of sacral level 1 (S1) DRG neurons ( Figure S3B ), which provide sensory innervation of the genitalia. Thus, C-LTMRs are an abundant mechanosensory neuronal population that provides rich innervation of trunk and proximal limb hairy skin where they form longitudinal lanceolate endings associated exclusively with zigzag and awl/auchene hair follicles.
Genetic Labeling of Ad-LTMRs and Visualization of Their Cutaneous Endings
A second major population of LTMRs, the Ad-LTMRs, or D-hair cells, is maximally excited by gentle touch of hairy skin (Brown and Iggo, 1967; Burgess et al., 1968) . Despite being widely studied for decades, their molecular properties, functions in somatosensation, and the morphology of their axonal endings in the skin remain unknown. We tested the idea that Ad-LTMRs express TrkB, which is a receptor for both brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT4) (Klein et al., 1992 (Klein et al., , 1991 . TrkB is expressed at high levels in a subset of medium-diameter DRG neurons (Figure 2A ), and prior studies have shown that NT4 is essential for maintenance of adult AdLTMRs (Stucky et al., 1998) . To define the physiological and morphological properties of TrkB + DRG neurons in adult mice, we generated a TrkB tauEGFP knock-in mouse line in which the coding determinants of a t-enhanced green fluorescent protein (eGFP) fusion protein were introduced via homologous recombination into the first coding exon of the TrkB gene ( Figure S4 ). Using TrkB tauEGFP mice, we found that $7% of adult thoracic DRG neurons express eGFP ( Figures 2B-2D ). These eGFP + neurons have medium-diameter somata and do not express the C-LTMR marker TH, the nonpeptidergic nociceptor marker IB4, or the Ab RA-LTMR marker cRet (Luo et al., 2009 ) (Figures 2B-2D and S1A). Intracellular recordings using the ex vivo skin-nerve preparation revealed that eGFP + DRG neurons of adult TrkB tauEGFP mice exhibit all of the characteristic physiological properties of Ad-LTMRs (Brown and Iggo, 1967; Koltzenburg et al., 1997) : exquisite mechanical sensitivity (von Frey threshold < 0.07 mN), rapidly adapting responses to suprathreshold stimuli, intermediate conduction velocities (CV = 5.8 ± 0.9 m/s), and narrow uninflected somal spikes (n = 19 neurons from seven animals; Figures 2E and 2F ). Similar to the C-LTMRs, the Ad-LTMRs responded to rapid cooling of the skin ( Figure 2G ). We next performed immunohistochemistry using GFP antibodies on sections of skin from adult TrkB tauEGFP mice to visualize the peripheral axonal endings of Ad-LTMRs. Strikingly, and again much like the C-LTMRs, the Ad-LTMRs form longitudinal lanceolate endings associated with virtually every zigzag and awl/auchene hair follicle of the trunk ( Figures 2H and 4E ).
Thus, TrkB-expressing neurons of adult DRGs are Ad-LTMRs, and these neurons form longitudinal lanceolate endings associated with awl/auchene and zigzag hair follicles of trunk hairy skin.
Genetic Labeling of Ab-LTMRs and Visualization of Their Cutaneous Endings
The most widely studied LTMRs are the Ab-LTMRs, which are best described for their roles in discriminative touch of glabrous skin (Johnson and Hsiao, 1992) . Ab-LTMRs are classified as either Ab RA-LTMRs or Ab SA-LTMRs. They can be further subdivided into RA1-and RA2-, and SA1-and SA2-LTMRs, respectively, although such distinctions in the mouse are somewhat controversial and not entirely clear. In glabrous skin, Ab SA1-LTMRs form Merkel endings whereas Ab RA-LTMRs innervate Meissner corpuscles. In mouse hairy skin, the peripheral endings of Ab SA1-LTMRs associate with Merkel cells whereas Ab RALTMRs form longitudinal lanceolate endings associated with hair follicles. The majority of Ab-LTMR central axonal projections terminate in laminae III through V of the spinal cord dorsal horn (Brown, 1981a) . Many Ab-LTMRs also exhibit central branches that ascend via the dorsal columns to the dorsal column nuclei (DCN) of the brainstem. However, in the rodent, the central branches of Ab-LTMRs located at thoracic levels that innervate trunk and proximal limb hairy skin appear less likely than those located at cervical limb levels to reach the DCN (Giuffrida and Rustioni, 1992) . To establish tools useful for visualizing the axonal projections of specific Ab-LTMR subtypes, we screened transgenic mouse lines generated by the Gene Expression Nervous System Atlas (GENSAT) project (Gong et al., 2003) for those that express GFP in select populations of Ab-LTMRs. Utilizing bacterial artificial chromosome (BAC)-based transgenic technology, the GENSAT project created $1,400 mouse lines that express soluble EGFP under the direction of specific nervous system promoters. This technology allows genetically defined cell populations to be tracked either directly via green epifluorescence or through antibody staining. We took advantage of the welldefined patterns of Ab-LTMR endings in lamina III through V of the dorsal horn and screened the entire GENSAT database for BAC-GFP mouse lines in which GFP is expressed in axons that innervate this region of the spinal cord. One of the mouse lines identified, the Npy2r-GFP line (founder line EJ71), was chosen hair follicles whereas the remaining 23% associate with awl/auchene hair follicles (n = 50 hair follicles examined). Scale bars, 20 mm. See also Figure S4 and Table S1 .
for further analysis because Npy2r-GFP + DRG neurons exhibit characteristic features of Ab RA-LTMRs. Indeed, the central projections of Npy2r-GFP + DRG neurons are restricted to lamina III through V of the spinal cord dorsal horn ( Figure 5C ). Moreover, in Npy2r-GFP mice, GFP is expressed in large-diameter DRG neurons that encompass 6% of total thoracic DRG neurons ( Figures 3A, 3B , and S1A). Double immunostaining showed that these neurons express NFH and have heavily myelinated axons ( Figures 3A and 3F ). We also generated an Npy2r-tdTomato mouse line (PL27-TOM) using the Npy2r BAC in order to label 
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the same population of DRG neurons with an alternate reporter. Analysis of Npy2r-GFP; Npy2r-tdTomato double transgenic mice showed that the majority of tdTomato + neurons are large-diameter NFH + DRG neurons that coexpress GFP ( Figures S5E-S5H ). Using these transgenic mouse lines, we found that Npy2r-GFP + neurons are a major subset of the early Ret + neuronal population ( Figure S5A ), which includes all Ab RA-LTMRs (Luo et al., 2009 ), although they do not express the C-LTMR marker TH, the Ad-LTMR marker TrkB, the proprioceptor marker parvalbumin, or markers of peptidergic and nonpeptidergic nociceptors ( Figures 3B, 3C , and S5B-S5D).
To directly test the idea that the DRG neurons labeled in Npy2r-GFP mice are Ab RA-LTMRs, we next performed intracellular recordings from GFP + neurons of Npy2r-GFP mice using the ex vivo skin-nerve preparation. Npy2r-GFP + neurons exhibited low threshold mechanical responsiveness (0.07 mN von Frey threshold) with bursts of spikes with fast conduction velocities (13.6 ± 2.7 m/s) following stimulation of hairy skin. Moreover, all neurons tested exhibited rapidly adapting properties (n = 18 neurons from five different mice) ( Figures 3D and 3E) . Thus, Npy2r-GFP + neurons are Ab RA-LTMRs.
We next examined the peripheral cutaneous endings of Ab RA-LTMRs in relation to Ab SA-LTMRs and the three major hair follicle types of back hairy skin. A mouse line that selectively labels Ab SA-LTMRs is not yet available. However, because it is well established that SA1-LTMRs associate exclusively with Merkel cells, which cluster in groups to form ''touch domes'' in hairy skin (Iggo and Muir, 1969; Wellnitz et al., 2010) , we developed a skin whole-mount immunostaining procedure employing anti-Troma1, which robustly labels Merkel cells (Vielkind et al., 1995) , as a surrogate for visualization of Ab SA1-LTMR endings. Touch domes/Merkel cells were found to associate exclusively with guard hairs (100%, 15/15); none associated with awl/ auchene or zigzag hairs (0%, 0/15) ( Figure 4E ). Conversely, most if not all guard hairs have touch domes. Immunostaining using GFP antibodies on hairy skin of Npy2r-GFP mice showed that all of the peripheral axonal endings of Npy2r-GFP + DRG neurons form longitudinal lanceolate endings associated with hair follicles (Figures 3F-3I) . Moreover, double immunostaining of GFP and Troma1 using whole-mount preparations of hairy skin from Npy2r-GFP mice showed that 22% of the GFP + lanceolate endings in the skin are associated with guard hair follicles ( Figures 3H and 4E ), whereas the remaining 78% of the GFP + lanceolate endings are associated with awl/auchene hair follicles ( Figures 3I and 4E ). Very few (1%-2%) innervated zigzag hair follicles (128 hair follicles examined; Figure 4E ). Thus, Ab RALTMRs associate with both guard hairs and awl/auchene hairs, whereas Ab SA1-LTMRs exclusively associate with guard hairs.
The Relative Patterns of Organization of Ab-, Ad-, and C-LTMR Endings in Hairy Skin
Our analysis reveals that the peripheral endings of Ab-, Ad-, and C-LTMRs associate with select types of hair follicles. We next addressed the relative organization of cutaneous LTMR endings around individual hair follicles by combining molecular-genetic labeling tools with double or triple immunostaining to simultaneously visualize combinations of LTMR endings in skin preparations. We first generated TH CreER ; Rosa26 LSL-tdTomato ; TrkB tauEGFP mice to simultaneously visualize C-LTMRs with tdTomato and Ad-LTMRs with GFP. C-LTMRs and Ad-LTMRs form morphologically indistinguishable longitudinal lanceolate endings associated with both awl/auchene and zigzag hair follicles with similar percentages: $20% of both C-and Ad-LTMRs are associated with awl/auchene hair follicles whereas $80% of these neurons associate with zigzag hair follicles ( Figure 4E) . Strikingly, the C-LTMR and Ad-LTMR endings around individual zigzag and awl/auchene hair follicles are interdigitated with one another (Figure 4A ), suggesting a common mechanism of excitation. This is especially intriguing because both C-LTMRs and Ad-LTMRs are highly sensitive to skin stimulation, responding to the finest von Frey filament (0.07 mN force application), and also to rapid cooling of the skin ( Figures 1E, 2F , and 2G). Similarly, analysis of Npy2r-tdTomato ; TrkB tauEGFP mice, in which Ab RA-LTMRs are labeled with tdTomato and Ad-LTMRs with GFP, revealed that individual awl/auchene hair follicles, but not guard or zigzag hair follicles, are innervated by interdigitated Ab RA-LTMR and Ad-LTMR endings ( Figure 4B ). We also generated TH CreER ; Rosa26 LSL-tdTomato ; Npy2r-GFP mice to simultaneously visualize the endings of C-LTMRs with tdTomato and Ab RA-LTMRs with GFP ( Figures 4C and 4D ). Guard hair follicles, which are innervated by Ab RA-LTMRs, but not C-LTMRs, are surrounded by both awl/auchene hair follicles, which are innervated by interdigitated Ab RA-LTMRs and C-LTMRs, and zigzag hairs, which are innervated by C-LTMRs but not Ab RA-LTMRs ( Figure 4D ). Interestingly, 22% of the Ab RA-LTMR lanceolate endings and 100% of the Ab SA1-LTMR/ Merkel endings are associated with guard hairs, whereas 78% of the Ab RA-LTMR lanceolate endings and none of the Ab SA1-LTMR/Merkel cells are associated with awl/auchene hairs ( Figure 4E ). In summary, virtually all zigzag hair follicles are innervated by both C-LTMR and Ad-LTMR lanceolate endings; Awl/auchene hairs are triply innervated by Ab RA-LTMR, Ad-LTMR, and C-LTMR lanceolate endings; Guard hair follicles are innervated by both Ab RA-LTMR longitudinal lanceolate endings and Merkel cell-associated Ab SA1-LTMRs ( Figure 4E , right). Thus, guard, awl/auchene, and zigzag hair follicle types receive unique and invariant combinations of LTMR endings, indicating that each of the three hair follicle types of mouse hairy skin is a neurophysiologically distinct mechanosensory end organ. Interestingly, guard, awl/auchene, and zigzag hair follicles are distributed in an $1:23:76 arrangement in mouse trunk hairy skin ( Figures 4E and S1B ). In fact, two of the three hair types exhibit robust homotypic tiling. Thus, guard and awl/auchene hairs are arranged in an iterative, regularly spaced pattern (distance between guard hairs is 740 ± 24 mm; distance between awl/ auchene hairs = 215 ± 5 mm) whereas zigzag hairs densely populate skin areas surrounding the two larger hair follicle types. Moreover, individual Ab RA-LTMRs labeled with Ret CreERT2 form endings that associate with either one or two guard hairs or three or more awl/auchene hairs ( Figures S5I and S5J) . Likewise, prior physiological recordings and anterograde labeling analyses indicate that the endings of individual Ab SA1-LTMRs are typically associated with one or two touch domes/Merkel cell complexes (Woodbury and Koerber, 2007) and thus, based on our analysis, one or two guard hairs. Taken together, these findings indicate that hairy skin consists of iterative clusters of three neurophysiologically distinct hair follicles, or ''peripheral LTMR units.'' Each cluster, or unit, is comprised of: (1) 
Visualization of LTMR Endings in the Spinal Cord Dorsal Horn Reveals Somatotopically Arranged LTMR Columns
Because C-LTMRs, Ad-LTMRs, and most if not all Ab-LTMRs form synapses onto neurons of the spinal cord dorsal horn, insights into the logic of mechanosensory neuron organization may be gleaned through an appreciation of the relative organization of LTMR central endings in the dorsal horn. Therefore, we next used our LTMR genetic labeling tools to visualize the central endings of Ab RA-LTMRs, Ad-LTMRs, and C-LTMRs, both individually and in combination. We observed that each LTMR class exhibits a unique central axon terminal morphology occupying a distinct dorsal horn termination zone (Figures 5A-5C Figures 5A, S6A, and S6B) . Moreover, the terminals of each C-LTMR extend rostrocaudally for 200-300 mm ( Figure S6C ). Terminations of GFP + Ad-LTMRs in TrkB tauEGFP mice were found mainly within lamina III, but partially overlapping with the C-LTMR terminals in lamina II iv ( Figures 5B and 5D ). Central terminals of GFP + Ab RA-LTMRs in Npy2r-GFP mice were found mainly in lamina III through V of the dorsal horn, located below the C-LTMR endings and partially overlapping with the Ad-LTMR endings in lamina III ( Figures 5C, 5E , and 5F). Thus, the central projections of Ab RA-LTMRs, Ad-LTMRs, and C-LTMRs terminate in distinct, but partially overlapping laminae of the spinal cord dorsal horn ( Figure 5G ). Classic physiological and anatomical studies of cats and primates demonstrated somatotopic organization of wedgeshaped termination zones of primary sensory afferent endings in laminae III-IV of the spinal cord dorsal horn (Brown et al., 1989; Brown and Fuchs, 1975; Koerber and Brown, 1982; Woolf and Fitzgerald, 1986) . Here, we observed that the central projections of Ab RA-LTMRs, Ad-LTMRs, and C-LTMRs occupy distinct, but partially overlapping laminae of the dorsal horn of the mouse. In addition, we found that Ab RA-LTMRs, Ab SA1-LTMRs, AdLTMRs, and C-LTMRs form endings associated with the same or adjacent hair follicles. Thus, it appears likely that a wedge, or column of somatotopically organized primary sensory afferent endings in the dorsal horn represents the alignment of the central projections of Ab-, Ad-, and C-LTMRs that innervate the same peripheral unit and detect mechanical stimuli acting upon the same small group of hairs follicles. To directly test this idea, we developed a dual labeling strategy that combines somatotopic, retrograde fluorescent labeling of small groups of neurons that innervate a common, small region of hairy skin and simultaneous visualization of the central endings of LTMR subtypes using our LTMR-specific mouse reporter lines. To retrogradely label cutaneous sensory neurons and their central axonal projections, we used fine glass capillaries to subcutaneously inject 0.1-0.3 ml of either CTB488 or CTB555 (2 mg/ml in PBS) into small patches of back hairy skin (0.6-1.8 mm 2 ). These CTB injections labeled small groups of cutaneous sensory neurons innervating skin regions that encompass only 190 ± 23 hair follicles, the approximate size of one or two peripheral LTMR units ( Figure 6A 0 ). Consistent with this, the injection sites typically included only one or two guard hairs, as determined by staining the injection sites with anti-Troma1 ( Figure 6A 0 , arrow). We observed that the central endings of CTB-labeled neurons align within a column that is perpendicular to the dorsal border of the ipsilateral dorsal horn, extending from lamina II iv to V ( Figure 6A ). These CTBlabeled dorsal horn columns, which are somatotopically organized ( Figures S7A and S7A 0 ), extend for several hundred microns along the rostrocaudal axis, with the lengths of extension corresponding to the sizes of the peripheral injection sites ( Figures S7B and S7C) . We next visualized the LTMR components of the CTB-labeled dorsal horn columns by assessing the extent of overlap between the CTB-labeled afferent endings and the central terminals of genetically labeled C-, Ad-, and Ab RA-LTMRs. In TH CreER ; Rosa26 LSL-tdTomato mice, a single CTB488 injection labeled the somata of several tdTomato + C-LTMR neurons that were, as expected, randomly distributed in the DRG (Figure 6B 0 ). In the spinal cord, the dorsal most CTB-labeled central terminals overlapped precisely with tdTomato + C-LTMR terminals in lamina II iv , exhibiting identical flame-shaped, dense arborization patterns ( Figure 6B ). Similarly, injections of CTB555 into hairy skin of TrkB tauEGFP mice or Npy2r-GFP mice labeled a small number of GFP + Ad-LTMRs or Ab RALTMRs, respectively (Figures 6C 0 and 6D 0 ). Importantly, many of the CTB-labeled central endings were colabeled with GFP + Ad-LTMR terminations in lamina III and Ab RA-LTMR terminations in laminae III through V (Figures 6C and 6D ). These findings demonstrate that the dorsal horn LTMR columns consist of the central endings of Ab-LTMRs, Ad-LTMRs, and C-LTMRs whose peripheral endings associate in unique patterns with guard, awl/ auchene, and zigzag hair follicles within individual peripheral LTMR units (Figure 7) . Based on the numbers of guard, awl/ auchene and zigzag hairs of the trunk and limbs and the numbers of each LTMR subtype, we estimate that the mouse dorsal horn contains 2,000-4,000 LTMR columns, which corresponds to the approximate number of peripheral LTMR units.
DISCUSSION
Decoding the mechanisms by which the individual qualities of a sensory stimulus are extracted from the periphery, and conveyed to, integrated, and processed within the central nervous system requires visualization of the organization of primary sensory neuron projections. Here, we have used a combination of molecular-genetic labeling and somatotopic retrograde tracing approaches to visualize the organization of peripheral and central axonal endings of the physiologically distinct LTMR subtypes that mediate the sense of touch. Our findings support a model in which individual features of a complex tactile stimulus are extracted by three functionally distinct hair follicle types and conveyed via the activities of unique combinations of Ab-, Ad-, and C-LTMRs to dorsal horn LTMR columns, where these features are represented, integrated, and processed for output to the brain. Similar to primary sensory neurons of other sensory systems, such as olfactory receptor neurons of the olfactory system and auditory receptors of the auditory system, cutaneous LTMRs of the somatosensory system are poised to extract individual qualities of complex stimuli from the external world. Yet, despite their intense study for decades, the unique functions and the relative organization of LTMR subtype peripheral endings, especially in hairy skin, have remained largely unclear. We found that the peripheral endings of each LTMR subtype associate with either one or two of the three types of trunk and proximal limb hairy skin hair follicles. Furthermore, axons of select LTMR subtypes are intimately associated with one another, having entwined projections and interdigitated lanceolate endings that innervate the same hair follicle. Conversely, each of the three hair follicle types receives a unique and invariant combination of LTMR endings. Indeed, guard hair follicles are uniquely associated with a combination of Ab RA-LTMR and Ab SA1-LTMRs; Awl/auchene hairs are triply innervated by Ab RA-LTMRs, Ad-LTMRs, and C-LTMRs; and Zigzag hair follicles are innervated by both C-LTMRs and Ad-LTMRs. These findings are consistent with classic neurophysiological measurements in the cat and rabbit indicating that Ab RA-LTMRs and Ad-LTMRs can be differentially activated by deflection of distinct hair follicle types (Brown and Iggo, 1967; Burgess et al., 1968) . In addition, because the three hair follicle types exhibit different shapes, sizes, and cellular compositions, they are likely to have distinct deflectional or vibrational tuning properties. Thus, our findings indicate that guard, awl/auchene, and zigzag hairs are physiologically distinct mechanosensory end organs. We suggest that it is the combination of: (1) the relative numbers, unique spatial distributions, and distinct morphological and deflectional properties of the three types of hair follicles; (2) the unique combinations of LTMR subtype endings associated with each of the three hair follicle types; and (3) distinct sensitivities, conduction velocities, spike train patterns, and adaptation properties of the four main classes of hair-follicle-associated LTMRs that enables the hairy skin mechanosensory system to extract and convey to the CNS the complex combinations of qualities that define a touch.
The remarkable organization of peripheral LTMR endings reveals a fundamental feature of the somatosensory system and supports an integrative model of mechanosensation. This integrative model posits that individual mechanical properties of a complex tactile stimulus engage distinct combinations of the three hair follicle types and thus differentially activate the unique combinations of LTMRs with which these follicles associate. We suggest that certain mechanical stimuli, such as the flutter of an insect's wings, raindrops, or light contact with foliage, may preferentially stimulate long guard hairs and thus Ab RA-LTMRs. On the other hand, stroking of the coat by a nurturing mother may preferentially activate Ad-LTMRs and C-LTMRs associated with the small, abundant zigzag hair follicles. Indentation of a patch of hairy skin with a blunt object may activate Ab SA1-LTMRs as well as all other LTMRs associated with hair follicles of the indented and surrounding skin region. Thus, the key feature of this integrative model is that a large number of potential combinations of deflections or vibrations of the three hair follicle types, with or without concomitant skin indentation, endows the somatosensory system with a vast array of potential ensembles of LTMR activities that could encode the properties or qualities that define a particular tactile stimulus.
How are individual properties or qualities of a touch represented and processed within the central nervous system to generate its unique percept? We observed that the central projections of the Ab-LTMRs, Ad-LTMRs, and C-LTMRs that innervate a common peripheral LTMR unit align in a columnar manner in the spinal cord dorsal horn. We suggest that dorsal horn LTMR columns are the initial and perhaps principal CNS sites of integration and processing of neural inputs that represent skin indentation and the relative movements of each hair follicle type in a small skin region. It is noteworthy that a distinguishing feature of Ab-, Ad-, and C-LTMRs is their highly divergent action potential conduction velocities, which in the mouse range from >10 m/s for Ab RA-and SA-LTMRs to <1 m/s for C-LTMRs. Thus, a tactile stimulus is likely to be encoded by temporally coordinated ensembles of Ab RA-, Ab SA-, Ad-, and C-LTMR activities that converge onto dorsal horn LTMR columns, where these activities are integrated and processed. The outputs of LTMR columns are conveyed via dorsal horn projection neurons that comprise the postsynaptic dorsal column pathway and spinocervical tract to the brain, presumably undergoing further integration with mechanosensory information carried by the direct dorsal column pathway and other sensory inputs (Brown, 1981b; Brown and Franz, 1969; Brown et al., 1987; Cliffer and Giesler, 1989; Giesler and Cliffer, 1985; Giesler et al., 1984) . The development of the exquisite organization of peripheral LTMR units and dorsal horn LTMR columns as well as the extent, mechanisms, and functions of integration and processing of Ab RA-LTMR, Ab SA-LTMR, Ad-LTMR, and C-LTMR inputs within LTMR columns are intriguing topics for future studies.
EXPERIMENTAL PROCEDURES
Mouse Lines
The TrkB tauEGFP mouse line was generated by introducing a t-enhanced green fluorescent protein (tauEGFP) fusion-Frt-Neomycin-Frt-loxP cassette into the first coding ATG in exon 2 of the TrkB gene ( Figure S4A ) (see Extended Experimental Procedures for details.) Npy2r-tdTomato transgenic mice were generated as previously described (Gong et al., 2003) (Badea et al., 2009; Gong et al., 2003; Luo et al., 2009; Madisen et al., 2010; Rotolo et al., 2008) .
Electrophysiology
To identify and characterize the TH + C-LTMRs, the GFP + Ad-LTMRs from TrkB tauEGFP mice and the GFP + , Ab RA-LTMRs from Npy2r-GFP mice, intracellular recordings using an ex vivo skin-nerve preparation of 2-to 3-month-old animals were performed, with either dorsal back skin, dorsal cutaneous nerve, thoracic DRGs and spinal cord intact, or dorsal hairy skin, saphenous nerve, lumbar DRGs and spinal cord intact (Woodbury et al., 2001; McIlwrath et al., 2007) .
CTB Retrograde Labeling
P14-P25 mice were anesthetized using isoflurane (Baxter) and the injection sites were shaved. 0.1-0.3 ml of CTB488 or CTB555 (2 mg/ml in PBS) were injected subcutaneously using a fine glass capillary to label sensory afferents that innervate the injection sites. Retrogradely labeled sensory neurons in DRGs and their central afferents in the dorsal horn were examined 4-7 days after injections.
Histochemistry on Tissue Sections
Immunohistochemistry, in situ hybridization (Luo et al., 2009) , and PLAP histochemistry (Liu et al., 2007) were performed using standard methods (see Extended Experimental Procedures for details.)
Whole-Mount Immunohistochemistry of Hairy Skin Back hairy skin from 3-to 10-week-old mice was treated with commercial hair remover, wiped clean with tissue paper, and tape stripped until glistening. The skin was then dissected, cut into small pieces and fixed in 4% PFA in PBS at 4 C for 2 hr. The tissue was rinsed in PBS and then washed with PBS containing 0.3% Triton X-100 (0.3% PBST) every 30 min for 5-8 hr. Then, the skin was incubated with primary antibodies in 0.3% PBST containing 5% goat/donkey serum and 20% DMSO at room temperature for 3-5 days. Tissues were then washed with 0.3% PBST every 30 min for 5-8 hr and transferred to secondary antibodies in 0.3% PBST containing 5% goat/donkey serum and 20% DMSO and incubated at room temperature for 2-4 days. Tissues were washed with 0.3% PBST every 30 min for 5-8 hr. Hairy skin was then dehydrated in 50% methanol for 5 min and 100% methanol for 20 min, three times, and lastly cleared in BABB (benzyl alcohol, Sigma 402834; benzyl benzoate, Sigma B-6630; 1:2) at room temperature for 20 min. To identify the types of hair follicles innervated by each LTMR class, similar whole-mount preparations of hairy skin were made without removing the hair. Using a confocal microscope, hair follicles associated with longitudinal lanceolate endings formed by genetically labeled LTMRs were traced to the corresponding hair shafts. The number of rows of medulla cells in the hair shaft was counted to distinguish zigzag (one row), awl/auchene (three or four rows), and guard hairs (two rows) ( Figure S1B ).
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